The appearance and disappearance of NADH:nitrate reductase (NR) in the leaves of corn (Zea mays L. W64A x W182E) were studied using activity assays, an enzyme-linked immunosorbent assay (ELISA) and western blotting. N-starved, etiolated corn plants were treated with nutrients containing either 35 millimolar NH4-nitrate or K-nitrate and immediately thereafter given light. The curve for enhancement of NR activity had three phases: I hour lag, 5 hour rapid increase, and steady state. The pattern for NR protein, as measured with the ELISA, also had three phases, but the increase was more rapid and the steady state was established earlier. To differentiate the effects of N nutrition from those of light, N-starved etiolated plants were given N nutrients 4 hours before light. During the dark pretreatment, NR activity and protein increased. When the light was turned on the NR activity and protein increased very rapidly without a lag. Western blots of polyacrylamide gels of native and denatured crude extracts showed that NADH:NR polypeptide was absent prior to treatment with N nutrients, but appeared after nitrate was given in dark or light. A low level of NR activity was found in N-starved, etiolated plants and it was shown by western blotting to be an NR form with a different electrophoretic mobility in nondenaturing gels. Since this minor NR form was not influenced by either nitrate or light, it was designated a constitutive NR. Dark decay of NR activity and protein was also studied. After the plants which had been in light with N nutrients for 24 hours were transferred to dark, the NR activity dropped by 30% within 1 hour, but the NR protein did not decrease. This inactivation of NR was further supported by returning the plants to the light after 1.5 hours of dark and finding the activity restored without change in NR protein. After the initial activity drop, a parallel decrease in NR activity and protein was observed, which was likely due to irreversible degradation by proteolysis.
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Hageman and Flesher (10) first studied NR2 activity in corn seedlings as affected by light and nitrate. They found rates of NR activity appearance greatly influenced by the previous N nutrition of plants when etiolated plants were greened by exposure to white light. The appearance of NR activity was co-dependent on light and nitrate in the 8-d-old, etiolated seedlings (10) . From their study and others that have followed, a more or less standard response pattern for "induction" of NR be described: initially there is a lag phase followed by a phase of rapid increase which leads to a steady state level over a period of 8 to 40 h, depending on the plant and growth conditions (1-4, 7, 10). Zielke and Filner (27) showed that both synthesis and degradation were involved in establishing the various phases of the NR activity enhancement curve in tobacco cells using elegant triple-labeling experiments. Travis et al. (23, 24) studied polysomal profiles in corn seedlings in relation to NR activity and showed that an increase in protein synthesis capacity by greening leaves contributes to the rapid increase in NR activity. They also showed that NR activity levels were influenced by nutritional treatment, seedling age and availability of carbohydrate (24) . Duke and Duke (8) and Rao et al. (17) have shown that red light and various hormone treatments can stimulate enhancement of NR activity in etiolated maize in the presence of nitrate, indicating that the effects of light on NR may be via some mechanism other than photosynthesis and phytochrome may be involved. Aslam and Oaks (2) studied enhancement of NADH:NR activity and its partial activities in corn leaves and roots and concluded these activities appeared in parallel except when tungstate was used to inhibit nitrate reducing capacity of the enzyme which resulted in a doubling of dehydrogenase activity of NR. The enhancement of NR activity in etiolated barley leaves can be stimulated with either glucose or light and the NR level could be correlated with the availability of nitrate (3). Shaner and Boyer ( 19) have shown that NR levels of corn leaves are closely related to the flux of nitrate to that tissue.
As described in the accompanying paper, we have developed immunochemical methods for studying the NR protein of corn leaves (6) . Here we will describe the application of the highly sensitive western blot and ELISA in the study of the effects of light and N nutrition on NR protein levels in etiolated and greening leaves of corn plants. Somers (22) . The patterns of NR protein synthesis and NR activity appearance were similar and followed the three-phase pattern (22) . Their conclusions concerning de novo synthesis of NR as being closely related to the nitrate 'induced' NR activity increase was in agreement with a large literature on inhbitors of protein synthesis and to some extent also RNA synthesis inhibitors (4, 7, 14, 22 (6) , had little effect on NR activity, and without it total soluble protein could be measured. After filtration through Miracloth and centrifugation for 10 min at 20,000g, the supernatant was designated the crude extract. An aliquot of crude extract was kept on ice and assayed for NADH:NR activity with 1 unit = 1 umol nitrite formed/min (6, 7) . Three aliquots of crude extract were frozen, one each for the western blotting, ELISA, and total protein determinations which were done within 1 to 3 d of the collection of the samples. After thawing, the crude extract was centrifuged again before electrophoresis on nondenaturing gels (native-PAGE) and denatured, as described, before electrophoresis under denaturing conditions (SDS-PAGE) (6, 18) . Western blots were prepared from these gels (6) . The ELISA for corn leafNR was done as described using corn leaf crude extract NADH:NR activity to standardize the assay for quantitative analysis (6, 7) . Each time point was assayed by diluting the sample to 0.01 unit NR activity/ml using PBS containing 0.005 g BSA/ml and then this dilution was analyzed with 4 replicates each of 0.1, 0.07, 0.04, and 0.01 ml per well of the microtiter plate. By treating each time point as an ELISA color response versus NR activity slope, errors due to a variable background were minimized and since 16 wells were analyzed per sample, one or two wells could fail without affecting the validity of the analysis of the sample (6) . The slope of the ELISA response for the NR standard and the dilution factor for each crude extract were used to calculate gg of NR protein/g leaf (a specific activity of 100 units/mg protein was assumed for homogeneous corn leaf NADH:NR). Total soluble protein was determined using a dye-binding assay modified for a plate reader (6) . The Chl was determined in the filtered but uncentrifuged crude extract in 96% (v/v) ethanol (26) . Chemicals and equipment were as previously described (6) . RESULTS 
NR Enhancement with Light and K-Nitrate Simultaneously
Applied. When light and 35 mm K-nitrate were given to the plants at the same time, NR activity increased slowly during the first h, then increased rapidly for the next 5 h and remained the same for the next 4 h (Fig. 1A) . The NR protein as determined by ELISA followed a course similar to the activity, although the rapid increase phase of NR protein enhancement was steeper (Fig. 1B) . If the light was turned off after 5 h, both the NR activity and protein appeared to remain stable at first then decrease slowly. If the plants were given either less K-nitrate (5 mM) or kept in darkness after applying 35 mm K-nitrate, the increase during the first h for NR activity and protein was the same as found for high K-nitrate plants (Fig. 1 ). However after 10 h, high K-nitrate leaves in the light had much more NR activity and protein than either of the other treatments.
NR Enhancement with Light and Ammonium Nitrate Simultaneously Applied. When NH4-nitrate was substituted for Knitrate, the increase in NR activity followed the usual threephase course for the first 10 h and then after more nutrients were given, increased very rapidly up to 28 h ( Fig. 2A) . NR protein followed the same pattern as the activity, but increased more rapidly and reached a plateau earlier than activity (Fig. 2B) (Fig. 2A) . NR protein level increased during the first 3 h of light nearly as fast as in the leaves treated with NH4-nitrate (Fig. 2B) . Nitrate contamination of the vermiculite and internally generated nitrate could account for the response of the no nutrient plants to light (9) .
NR Enhancement with Nutrient Pretreatment Prior to Light. In plants given nutrients in the dark 4 h before the light was given, the NR activity increased at a very rapid initial rate without any noticeable lag with either NH4-nitrate or K-nitrate (Fig. 3) . Steady state NR activity was reached by 8 h of light. For NR protein, a high initial rate of appearance persisted for only 2 h, which was followed by a slower increase until 7 h and then steady state was maintained (Fig. 3) . After a second application of nutrients at 12 h, NR activity and protein increased more in NH4-nitrate treated leaves than in K-nitrate treated ones (Fig.  3) .
Changes (Figs. 4 and 5) . For normal and pretreated K-nitrate leaves, SDS-PAGE western blots revealed a steady increase of NR protein staining at Mr = 115,000 (Fig. 4,  A and B) , which corresponds to intact NR polypeptide (6) . A similar steady increase was found for SDS-PAGE western blots of normal and pretreated NH4-nitrate leaves (Fig. 4, C and D) . In normal leaves, NR protein could not be detected until after 2 h light, while in pretreated leaves NR protein could be detected at zero h or in other words after the 4 h dark pretreatment with N.
For native-PAGE western blots of corn leaf crude extracts, the progressive increase in NR protein was also found for both Ntreatments with either normal or pretreated plants. For Figures 2 and 3 . The dark decay of NR activity and protein was monitored in these leaves (Fig. 6 ). During the first h ofdarkness, NR activity fell sharply with levels 30% lower being reached. Since NR protein appeared to remain the same during the first several h of darkness, it appears that active NR has been inactivated rather than degraded during this initial dark period. To test this hypothesis, some leaves were treated as above but returned to light after 1.5 h darkness (Fig. 6) . After a 30 min lag, NR activity increased, but NR protein did not start to increase until at least 3 h later. These results, which indicate that inactivated-NR can be reversibly reactivated, have been confirmed in other experiments (data not shown).
After the dramatic decrease of NR activity in the dark is over at about 2 h, a slow steady decline in both NR activity and protein was found (Fig. 6 ). While NR protein is degraded in these dark treated leaves, total soluble protein does not decrease very much if at all (Fig. 6B) . Some NADH:NR has electrophoretic properties similar to squash NADH:NR and about the same size polypeptide (6). Antiserum prepared against squash NADH:NR inhibits corn NADH:NR and precipitates it in Ouchterlony double diffusion (21) . Antibodies prepared against corn NADH:NR cross-react with squash NADH:NR in both its native and denatured states (6) . Although there are significant quantitative immunochemical differences between squash and corn NADH:NR, the immunochemical results reveal that the two NR forms have similarities in conformation and must also share some amino acid sequences with a great deal of similarity (6, 7, 21 NADH:NR and may be a constitutive NR. Barley, wheat, and oats have recently been reported to contain a second form of NR, which is more mobile in starch gels than the NADH:NR of these species (12) . In addition, this second NR form was present in the absence of nitrate and not influenced by this substrate and tentatively, concluded to be a constitutive form of NR with a low turnover rate (12) . It was also correlated with the residual NR activity in barley NADH:NR-deficient mutants (12 Figs. 1 and 2 ). While in vivo inactivation and reactivation ofNR in some algae, especially (1, 4, 7, 22) . In rice a protein inhibitor having no proteinase activity was isolated bound to NR and might be involved in regulation of NR activity (15) . For soybean, a binding-type of inhibitor of the NADH:NR was isolated and its activity could be controlled by light (13) . Thus, several possible molecular mechanisms could account for the inactivation/reactivation of corn leaf NR observed here and and this process deserves further study.
We also found that NR protein was degraded in the dark with a parallel decline in activity, after the inactivation phase had ended, such that proteolysis appeared to be happening. A number of different proteinase activities have been found in corn leaf extracts and one from corn roots has been extensively studied (4, 7, 25) . Some proteinases appear to have a degree of specificity for degrading NR, but this appears more due to the labile nature of the NR polypeptide than the proteolytic enzyme since low concentrations of non-specific proteinases (i.e. trypsin) are also quite effective at inactivating and degrading NR (25) . Recently, a thiol-proteinase has been isolated and purified from barley leaves, which is inhibited by leupeptin, a proteinase inhibitor reputed to be a specific protector of barley leaf NADH:NR (1 1). While proteinases specific for NR may exist, the high lability of the enzyme, which seems to be an inherent property of higher plant NADH:NR, could account for the instability in the dark. If synthesis of the NR protein diminishes in the dark, then NR activity and protein would decline due simply to the high instability of the NR polypeptide. The situation in higher plants may be contrasted with that in Chlorella vulgaris where a rather stable NADH:NR is found and the major form of regulation of NR activity appears to be inactivation rather than degradation (20) .
